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ABSTRACT
Cycling with motor vehicle traffic on roadways is inherently risky, and it is
important for bicyclists to make themselves conspicuous to drivers, even during daylight
conditions. Two experiments manipulated rear-facing bike lights to determine how best
to help drivers become aware of a bicyclist’s presence during the daytime. Experiment 1
incorporated closed-road methods in which participants provided subjective ratings of
conspicuity from a test vehicle parked at two different distances as they viewed 16
configurations of bike lights displayed by a stationary test bicyclist pedaling in daylight.
The results indicated that increasing the luminous intensity and number of lights
enhanced the relative conspicuity of bicyclists in daylight even as viewing distance
increased. Particularly valuable was using ankle-mounted lights that highlighted the
pedaling movement of the bicyclist. In Experiment 2, participants wore a head-mounted
eye tracker and searched for bicyclists as they were driven along an open-road route that
included a test bicyclist displaying one of four light configurations. Participants pressed a
button when they detected that a bicyclist might be present in or near the roadway and
again when they were confident that a bicyclist was present. The results revealed that
after participants first glanced at the bicyclist it took a significant amount of time to
detect and then to recognize the bicyclist. Further, lights that were mounted to the seat
post of the bike or to the seat post and the heels of the rider’s shoes provided the greatest
conspicuity advantage in terms of the distances from which participants recognized the
bicyclist. These experiments offer useful insights into the optimal light intensities and
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placement options for bicyclists to use in order to enhance their conspicuity during the
daytime.
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CHAPTER ONE
INTRODUCTION
In 2018, 857 bicyclist fatalities were reported in the United States, and
approximately half of these fatalities resulted from crashes that occurred during daylight
hours (NHTSA, 2020). Further, through investigating bicyclist crash reports, Hutchinson
and Lindsay (2009) and Kim, Kim, Ulfarsson, and Porrello (2007) indicated that
collisions in which bicyclists are struck from behind by approaching vehicles were the
most frequent type of bicyclist/motor vehicle crashes. Bicyclists are required to follow
the same traffic laws as drivers of motor vehicles, and therefore, they are expected to ride
in the same direction as motor vehicle traffic. Too often, drivers do not recognize that a
bicyclist is present in the roadway in time to avoid a collision. That is, bicyclists are often
not sufficiently conspicuous to drivers (Rasanen & Summala, 1998). Billot-Grasset,
Amoros, and Hours (2016) concluded that insufficient conspicuity was a significant
factor that contributed to cyclist/motor vehicle crashes after investigating 1078 cyclist
crashes. Taken altogether, the evidence supports the idea that bicyclists should invest
effort into enhancing their rear conspicuity when cycling in daylight conditions.
The NHTSA recommends that bicyclists use a taillight (a rear-facing active light,
conventionally mounted to the bicycle seat post) while riding (NHTSA, 2019). Bicycle
taillights are typically used by bicyclists who ride in nighttime environments, and a
growing body of literature indicates that bicycle taillights provide conspicuity benefits for
bicyclists while riding at night (Edewaard, Fekety, Szubski, Tyrrell, & Rosopa, 2017;
Blomberg, Hale, & Preusser, 1986; Koo & Dunne, 2012; Koo & Huang, 2015; Matthews
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& Boothby, 1980; Watts, 1984). Specifically, bicycle taillights facilitate drivers in
detecting bicyclists in roadway environments (Blomberg et al., 1986; Matthews &
Boothby, 1980; Watts, 1984) and recognizing bicyclists from farther distances (Watts,
1984) than standard rear reflectors at night.
Indeed, bicycle taillights received empirical support for enhancing bicyclist
safety. Madsen, Andersen, and Lahrmann (2013) gave half of their 3,845 participant
cyclists a set of front and rear bike lights to permanently attach to their bikes, while the
other half rode with their normal riding gear. The participant cyclists completed a survey
every two months to provide information on crashes or near misses with motor vehicles,
and the group of cyclists who rode with the bike lights reported significantly fewer
crashes than the group who rode with their normal gear, especially during the daytime
(Madsen et al., 2013).
In recent years, taillight manufacturers have been encouraging cyclists to use
taillights during the daytime. Empirical research conducted on the daytime conspicuity
benefits of bicyclist taillights is sparse, but research findings indicate that bicycle
taillights can provide conspicuity benefits during the daytime (Edewaard, Fekety,
Szubski, & Tyrrell, 2020; Edewaard, Szubski, Tyrrell, & Duchowski, 2019). Specifically,
taillights can enhance conspicuity by allowing observers to recognize bicyclists more
easily and from farther distances.
While taillights are conventionally mounted to the seat post of a bike, taillights
have the potential to be more effective when mounted elsewhere on the bicycle or rider.
Edewaard et al. (2020) conducted a closed road study during the daytime in which
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participants rated the extent that each bicyclist among an array of four bicyclists was
recognizable as a bicyclist. The taillights were manipulated in terms of their placement,
intensity, or mode of operation, and each bicyclist in the array displayed a different
taillight configuration within each of the three manipulations. In the placement
manipulation, the taillights were positioned either on the seat post of a bicycle turned
“off,” the seat post of a bicycle turned “on,” the back of a rider’s helmet, or the back of a
rider’s ankles. The results indicated that the bicyclists who displayed a taillight that was
turned “on” were rated as being significantly more recognizable as bicyclists than the
bicyclist who displayed a taillight that was turned off. In addition when two halfluminance lights were mounted to the ankles of a rider, the bicyclist was rated as being
significantly more recognizable as a bicyclist than when the lights were mounted to any
other location tested (Edewaard et al., 2020). This indicated that bicyclists can enhance
their conspicuity during the daytime by highlighting their movement with lights. Because
this advantage was particularly strong for longer viewing distances, the ankle-mounted
lights are particularly exciting because they may enhance conspicuity earlier in the
vehicle’s passing maneuver. The lights used in Edewaard et al. (2020) had special lensing
to focus the beam of light, which allowed the beam to project to farther viewing
distances. The extent to which these findings might generalize to lights with different
optical qualities still remains unclear. Further, while the data from the intensity
manipulation did not suggest that there were any differences between the conspicuity
benefits of the taillight at different intensities (25, 12.5, and 6.25 lumens), it is unclear
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whether lights with a different beam spread and a wider range of luminous intensities
would yield the same results.
Edewaard, Fekety, and Tyrrell (2016) conducted an open-road study to examine
the conspicuity benefits of bicycle taillights in daylight conditions. Participants were
instructed to search for bicyclists while they were driven along a designated route during
the daytime. Further, participants were told to press a button on a keypad when they
became confident that they recognized that a bicyclist was present in or near the roadway,
and at a fixed point along the route, participants encountered a stationary test bicyclist
pedaling on a bicycle mounted to a trainer who displayed one of four taillight
configurations. The results of the study indicated that the test bicyclist was recognized by
participants from similar distances regardless of whether the test bicyclist displayed a
flashing or steady light on the seat post of the bicycle, a light on each ankle with the
luminous intensity reduced by half due to neutral density filters, or a light on the seat post
that was turned off. While participants responded to recognizing the test bicyclist in each
of the four taillight configurations at an average distance of 62.2 m, participants
anecdotally remarked that they could see the bicyclist from farther distances in conditions
when taillights were present on the seat post in a flashing or steady mode or on the rider’s
ankles, but they were not confident that they were seeing a bicyclist. One of the
limitations of this experiment was that the trainer to which the back wheel of the bicycle
was connected had two arms that protruded from the sides of the bike (like a tripod).
Participants remarked that the trainer interfered with their ability to recognize the
bicyclist as a bicyclist. It is unclear how the results of this study would have been
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affected had a less conspicuous trainer been used. In addition, the lights used in this study
were bicycle taillights that also featured special lenses that focused the light beam to
allow the light to be visible from great distances. Thus, the lights were designed to be
mounted to the seat post of the bicycle, such that the taillight faces approaching traffic.
However, when the lights were mounted to the pedaling ankles of the rider, the
biomechanics of pedaling resulted in the lights being aimed towards traffic approaching
from the rear for only a portion of the 360° pedaling cycle. This disadvantage of the
lights likely diminished the conspicuity enhancing effects of the ankle lights. The authors
recommended additional research to examine whether lights with a wider beam spread
can be more effective for highlighting the rider’s movement during the daytime.
In a similar study conducted at night, Edewaard et al. (2017) assessed the
conspicuity benefits of mounting a taillight to each heel of a rider’s shoes. In this study,
participants were driven along a designated open-road route and were asked to press a
button when they were confident that they saw a bicyclist in or near the roadway. A test
bicyclist cycling on a stationary bicycle was positioned along a straight, flat section of
roadway and displayed one of four different taillight configurations. The luminous
intensity of the lights in all four conditions was held constant. The results of this study
indicated that participants recognized the bicyclist from distances that were almost two
times greater when lights were mounted to the bicyclist’s pedaling heels than when the
bicyclist pedaled with a flashing seat post-mounted taillight. In addition, the bicyclist
pedaling with lights on his heels was recognized by participants from distances that were
over five times greater than those corresponding to when a steady light was mounted to
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the seat post of the bicycle or when lights were mounted to the heels while the rider was
not pedaling. The taillights used in this study were the same as those used in Edewaard et
al. (2017), and therefore, it may be that at night there was sufficient contrast between the
lights and the nighttime surroundings to overcome the light aiming issues present in the
daytime version of the study. The authors explained the powerful conspicuity benefits of
the heel lights revealed by focusing on the perceptual advantages of highlighting the
bicyclist’s pedaling movement.
Humans are perceptually sensitive to the movement patterns of other human
beings. This is a perceptual phenomenon called biological motion (or “biomotion”)
(Johansson, 1973), which was discovered in the basic context of motion perception;
specifically, as a special example of structure from motion (for a review see Blake and
Shiffrar, 2007). Numerous studies have found that a particular region of the human
cortex, the Superior Temporal Sulcus, responds vigorously when biomotion is observed
(for a review see Hein & Knight, 2008) Biomotion has been applied to helping drivers
recognize vulnerable road users, and numerous pedestrian conspicuity studies found that
highlighting the moving extremities with retroreflective material, lights, or
electroluminescent panels can enhance a pedestrian’s conspicuity at night (Fekety,
Edewaard, Stafford Sewall, & Tyrrell, 2016; for a review of the pedestrian conspicuity
literature see Tyrrell, Wood, Owens, Whetsel Borzendowski, & Stafford Sewall, 2016).
Consistent with the idea of biomotion being the mechanism by which marking the
extremities enhances pedestrian conspicuity is the fact that the conspicuity benefits are
much smaller if the pedestrian is not moving (Balk, Tyrrell, Brooks, & Carpenter, 2008).
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Similarly, other bicyclist conspicuity studies have found that highlighting a bicyclist’s
moving legs and feet with conspicuity aids, such as retroreflective material or LED lights
at night or fluorescent clothing during the daytime, can help drivers to recognize
bicyclists from farther distances than when conspicuity aids are placed on the torso or
when no conspicuity aids are used (Blomberg et al., 1986; Edewaard et al., 2017;
Edewaard et al., 2019; Edewaard et al., 2020; Koo & Huang, 2007; Stapleton & Koo,
2017; Wood et al., 2012).
In terms of the bicyclist conspicuity study that assessed fluorescent clothing in
daytime lighting conditions, Edewaard et al. (2020) used similar methods to those
featured in Edewaard et al. (2016) and Edewaard et al. (2017) in that participants were
driven along a designated route while searching for bicyclists. At a fixed position on the
test route, participants encountered a stationary test bicyclist who displayed one of four
clothing configurations, and the distances from the test vehicle to the test bicyclist at the
moment that participants were confident that they recognized that a bicyclist was present
in the roadway were measured. The results revealed that, when the test bicyclist was
wearing a fluorescent yellow jersey and black leggings, the participants responded from
distances that were not significantly different than those yielded from trials when the
bicyclist was wearing all black clothing. However, when the test bicyclist displayed a
fluorescent yellow jersey and fluorescent yellow leg covers, participants recognized the
bicyclist from distances that were 3.5 times greater than those corresponding to trials
when the test bicyclist wore the fluorescent yellow jersey with black leggings (see Figure
1). These results were surprising because daytime lighting conditions provide drivers
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with the opportunity to see the entire bicycle/rider unit from great distances. The
fluorescent yellow jersey was visible from great distances in daytime lighting conditions,
but even though the fluorescent yellow jersey took up a large surface area on the
bicyclist, it was not enough to help participants to recognize that they were looking at a
bicyclist. This may be due to the immobility of the torso relative to the rider’s legs
because the participants were able to recognize the presence of the bicyclist from
significantly greater distances when the fluorescent yellow leg covers were worn in
addition to the fluorescent yellow jersey. Thus, this study demonstrates the importance of
bicyclists using conspicuity aids to highlight their moving extremities to help drivers to
recognize their presence from safe distances during the daytime.

Figure 1. Mean response distances for the four clothing configurations tested by
Edewaard et al. (2020). Fluorescent leggings provided a powerful conspicuity benefit
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(i.e., farther response distances) that a fluorescent jersey did not. Error bars represent ±1
standard error of the mean.

It is important to note that in this context there is an important difference between
detection and recognition. Detection of an object implies that something is seen, but the
observer may not be able to identify the object. Recognition, on the other hand, implies
that the observer not only can acknowledge the presence of an object, but they also can
identify that object. It is important for drivers to be able to recognize a bicyclist in the
roadway to anticipate the bicyclist’s actions and in order for the driver to plan and
execute appropriate action to avoid the bicyclist. Watts (1984) found that taillights
provide both detection and recognition benefits for bicyclists in comparison with standard
rear reflectors at night. One nighttime study conducted by Blomberg et al. (1986) found
that one luminous band worn around the left ankle of a rider helped participant drivers to
detect the rider from farther distances than a rider with a retroreflective strip around each
ankle, but the luminous ankle band did not provide recognition benefits over the two
retroreflective bands. The two retroreflective bands may have been recognized from
greater distances than the single luminous ankle band because they provided information
about the movement of both ankles, whereas the luminous ankle band only highlighted
the rider’s left ankle. Highlighting the movement of both ankles may reduce the
difference in time between the moments when driver’s first detect and then recognize the
presence of a bicyclist, but further research is required. It is important to understand the
dynamics involved in the process of drivers becoming aware of bicyclists. Specifically,
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examining the differences among drivers’ detection and recognition of bicyclists who use
lights during the daytime can deepen the understanding of the ways in which bicyclists
can be more quickly and easily identifiable to drivers.
One way to assess drivers’ abilities to detect bicyclists is by utilizing eye tracking
technology. Eye trackers shine an infrared source onto the eyes of an observer and pick
up on the corneal reflection of the eyes. This reflection is then used to track the
observer’s eye movements and map them onto corresponding locations in the observer’s
visual environment to determine where the observer is looking. The use of an eye tracker
allows researchers to capture the exact moment that participants first execute an eye
movement to fixate an object. Eye movements have been found to be highly correlated
with visual attention (e.g., Blair, Watson, Walshe, & Maj, 2009; Frischen, Bayliss, &
Tipper, 2007; Sodhi, Reimer, & Llamazares, 2002). Thus, by analyzing participants’ first
glances on an object, the initial step in the process of an observer becoming aware of the
object can be better understood.
Eye tracking technology has been used successfully to study the visual search
strategies that observers use to detect road signs (e.g., Ho, Scialfa, Caird, & Graw, 2001)
and brake lights (e.g., McIntyre, Gugerty, & Duchowski, 2012) in images of complex
roadway environments. In addition, eye tracking has been used to study bicyclist and
pedestrian conspicuity both during the daytime and nighttime (Edewaard et al., 2019;
Stapleton & Koo, 2017; Wood, Tyrrell, Lacherez, & Black, 2017). Eye trackers can also
be used successfully in studies that are conducted with videos of drive-bys of bicyclists or
on-road methods to record participants’ eye movements.
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Wood et al. (2017) conducted a closed-road study to assess pedestrian conspicuity
at night using a head-mounted eye tracker. Participants drove along a test track and
searched for pedestrians while wearing an eye tracker. In addition to wearing black
clothing, the pedestrians either wore a retroreflective vest or retroreflective strips around
the elbows, wrists, ankles, and knees, and the time that it took participants to fixate and to
respond to the pedestrians were analyzed. Similar to the results of other studies that
assessed the conspicuity benefits of biomotion, the participants fixated on the pedestrian
wearing the biomotion markings significantly earlier than they fixated the pedestrian
wearing the retroreflective vest. Participants also spent significantly less time fixating on
the pedestrian with the biomotion markings than they did on the pedestrian with the
retroreflective vest. This suggests that, in the conditions in which the biomotion markings
were present, less time was needed to fixate the pedestrian in order for the driver to
identify the pedestrian (Wood et al., 2017). Stapleton and Koo (2017) assessed the
nighttime conspicuity benefits of retroreflective material for bicyclists using video
presentations recorded from the perspective of a driver. The videos featured drive-bys of
bicyclists with retroreflective material placed in various locations on their all black
clothing, and participants were asked to watch the videos and search for bicyclists while
wearing a head-mounted eye tracker. The results also indicated that the bicyclist who
wore retroreflective material on the lower extremities was significantly more visible than
the bicyclists who had retroreflective markings on the back of the jersey or no
retroreflective material (Stapleton & Koo, 2017).
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Edewaard et al. (2019) conducted a daytime bicyclist study in which they
presented participants with 25 videos of a single roadway environment that contained
either pedestrians, extraneous bicyclists, no pedestrians or bicyclists, or a test bicyclist
that displayed five different taillight configurations. Participants pressed a button each
time they were confident that they saw a person who was not in a motor vehicle. The test
bicyclist was featured in the same location in each of the five relevant videos, and in
these videos, the researchers quantified the distances from which participants made their
first glances on the test bicyclist and pressed the button in response to recognizing the
bicyclist. The distances from which participants made their first glances on the test
bicyclist were not significantly different across the five taillight configurations. However,
the participants’ button presses revealed that the participants recognized the test bicyclist
from significantly greater distances when flashing and steady seat post-mounted lights
were used, as opposed to when lights were mounted to each heel of the rider’s shoes,
when a steady seat post light was used in addition to the heel lights (creating a “warping
triangle” configuration), or when no taillight was present. The lights that were used on
the bicycle incorporated a lens that focused the light beam, which produced similar
aiming issues that were present in Edewaard et al. (2016) and Edewaard et al. (2017).
Therefore, the question of whether the results from this study regarding the heel lights
and warping triangle configurations would be revealed in similar studies that featured
lights with a wider beam spread. It may be that combining a seat post-mounted light with
the heel lights will further enhance bicyclist conspicuity by providing more information
about the moving form of bicyclists to approaching drivers. Further, this study utilized
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video presentations of drive-bys of bicyclists which reduced the fidelity of the study.
Given these problems, it remains unclear whether these configurations of bicycle lights
enhance bicyclist conspicuity.
While eye tracking technology can be used to quantify the distances from which
participants first glance at bicyclists, the distances from which participants acknowledge
that they see something that might be a bicyclist are smaller than those corresponding to
the first glances on the bicyclist. That is, there is a delay from first glance to when the
driver first makes a driving relevant behavior in response to what is fixated. In the present
context, eye movements precede the pressing a button in response to detecting a bicyclist.
This is because it takes time for the brain to process visual information and use that
information to carry out a response. The time it takes for a driver to respond to sensory
stimuli is referred to as the perception-response time (PRT), and Olson, Cleveland,
Fancher, Kostyniuk, and Schneider, (1984) proposed that the PRT includes stages that
allow the driver to detect the stimulus, identify that the stimulus is present, decide how to
respond, and execute the response. For a sufficiently visible stimulus (such as a typical
bicyclist during the daytime) with a clear line of sight, it has been found that drivers
typically respond approximately 1.5 seconds after initially seeing the stimulus (Green,
2000; Olson et al., 1984; Summala & Koivisto, 1990; Wartman & Matthias, 1983). Much
controversy revolves around the PRT of 1.5 seconds because there are many factors that
influence PRT, such as individual differences, cognitive load, gender, age, salience of the
object, vehicle speed, and driver expectancy. Therefore, some researchers suggest that a
PRT of 2.5 seconds is a more appropriate estimate of the average length of time it will
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take for drivers to respond to an object that they are not expecting to encounter in or near
the roadway (Summala, 1981; Sivak, 1987; Olson 1989).
In roadway situations that provide drivers with long sight distances to bicyclists,
drivers may fixate on the bicyclist ahead from a great distance, but not register that they
might be looking at a bicyclist until they are nearer to the bicyclist. It may take drivers
even more time after detecting the bicyclist ahead to recognize the bicyclist as a bicyclist
instead of another type of vulnerable road user (i.e., a pedestrian, mopedist, or
motorcyclist). Having a deeper understanding of the temporal dynamics underlying these
responses would be beneficial for understanding how drivers process information about
bicyclists while sharing the roadways during the daytime. It would also provide a
valuable framework from which efforts to enhance the conspicuity of bicyclists could be
evaluated.
The purpose of this project was to better understand ways in which active lighting
can enhance a bicyclist’s conspicuity in daylight conditions. In the first experiment,
participants seated in a stationary vehicle on a closed road during the daytime rated the
extent to which a test bicyclist was recognized as a bicyclist from two different distances
(50 and 200 meters). The test bicyclist displayed light configurations that varied in terms
of their placement and intensity. In the second experiment, a separate group of
participants was driven along an open road route during the daytime, and their eye
movements were recorded using a head mounted eye tracker as they searched for
bicyclists. Participants were instructed to press a button at the moment that they detected
that a bicyclist might be present and again when they were confident that they saw a
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bicyclist in or near the roadway. At a fixed position along the route, participants
encountered a test bicyclist who displayed one of four configurations of active lighting,
and the participants’ first glances and button press data were recorded, which provided a
better understanding of the temporal dynamics involved in fixating, detecting, and
recognizing a bicyclist during the daytime. These two experiments were expected to offer
insights into the ways in which basic perceptual science can be applied to address a
critical problem with transportation.
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CHAPTER TWO
EXPERIMENT 1 METHODS
Participants
Forty-five undergraduate students participated in this experiment. All participants
were required to have a 20/40 or better binocular visual acuity (Bailey-Lovie) and a log
contrast sensitivity of 1.65 or better (Pelli-Robson contrast sensitivity test) while wearing
their presenting optical correction. In addition, all participants were required to have a
valid driver’s license and at least two years of driving experience. Participants received
credit toward their psychology class. All procedures were approved by the Clemson
University Institutional Review Board, and all participants provided their informed
consent prior to testing.
Design
Experiment 1 followed a within-subjects design such that all participants
experienced all of the experimental conditions at each of the two viewing distances. The
study consisted of repeated exposure to a test bicyclist who displayed active lighting with
a specific intensity and placement configuration. For each trial, participants responded to
three survey items to assess the conspicuity of the test bicyclist. In total, each participant
provided 96 conspicuity ratings [(5 Intensities x 3 Placement manipulations) + Control
Condition) x 2 distances x 3 survey questions].
Intensity. The five light intensities were: 1) 1 lumen; 2) 2 lumens; 3) 5 lumens;
and 4) 10 lumens; and 5) 20 lumens. For the five intensities in which the light is turned
“on”, the lights were operating on a steady “always-on” mode (see Figure 2).
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Placement. The three placement locations were: 1) Seat Post (a light mounted to
the seat post of the rider’s bike); 2) Heels (a light on the back of each heel of the rider’s
shoes facing the test vehicle); and 3) Warping Triangle (the combination of the Seat Post
and Heels configurations). See Figure 2.
Control. The Control configuration consisted of a light on the seat post of the bike
and a light on each heel of the rider’s shoes, but none of the three lights were active (see
Figure 2).
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Control

Figure 2. The 16 light configurations were created by combining five different light
intensities with each of the three different placement manipulations plus a control
condition that included no active lighting.
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The data collection location was a long, straight, and flat section of a closed utility
road near Clemson University’s campus (see Figure 3). A test bicyclist was positioned at
one end of the roadway and displayed the active lighting configurations while a
stationary test vehicle was positioned at one of two distances (50 and 200 meters) from
the bicyclist. The test bicyclist displayed the light configurations at the five luminous
intensities on the three placement locations one at a time in a different random order for
each distance and experimental session.

200 m
Bicyclist

50 m

Figure 3. The test location featured a closed road near Clemson’s campus with the test
bicyclist positioned at one end and the experimental vehicle parked at each of the two
viewing distances.

Materials
All experimental configurations featured a black bicycle (Trek 7.3 FX 17.5;
Model 1327010-2016) mounted to a black stationary trainer (CycleOps SuperMagneto
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Pro; Model 411852). A cadence-monitoring bicycle computer (Bontrager Trip 300 and
Duo Trap S) was mounted on each bicycle to assist the test bicyclist in maintaining a
cadence between 75 and 90 rpm. The test bicyclist was wearing all black clothing (jersey,
leggings, socks, shoes, and helmet), and during data collection each cyclist kept both
hands on the handlebars and avoided making extraneous (non-cycling) movements. The
lights were custom-made Bontrager light prototypes specially designed to include the five
luminous intensity modes (see Figure 4). The test vehicle was a 2008 Hyundai Elantra.

Figure 4. The custom-made light which featured a circuit-board, a raw red LED with a
diameter of 1 mm, a battery pack, and charging mechanism encased in yellow electrical
tape.
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Procedure
All data collection sessions were scheduled at least one hour after sunrise and
before sunset and only on days free from precipitation or fog. At the beginning of each
session, participants met one of the researchers in the Visual Perception and Performance
Laboratory, where the participants completed an informed consent document, provided
demographic information, and were visually screened. Up to three participants were able
to take part in each experimental session. Once researchers ensured that participants were
eligible to participate, the participants were escorted to the test vehicle and asked to sit in
either the front passenger seat or the left or right seats in the back of the test vehicle. A
researcher seated in the driver’s seat of the vehicle drove the participants to the testing
location and were present with the participants during the entire testing session.
Once the test vehicle arrived at the testing location, it was initially parked at either
the 50 or 200 m viewing distance, and the participants were given a survey on a clipboard
and a pen. The order of the viewing distances was counterbalanced across participants,
such that the viewing distances were alternated between ascending and descending order
for each group of participants. The participants did not leave the test vehicle. Participants
were then instructed (verbally and in written instructions) to observe the test bicyclist
through the front windshield of the vehicle and responded to the three survey items for
each trial. Each of the three survey items asked participants to indicate the extent to
which they disagreed or agreed with a statement, and beneath each item was a 100-mm
horizontal line with five equally spaced vertical tick marks. The tick marks included text
labels ranging from "strongly disagree" to "strongly agree" (see Figure 5). Participants
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were told to mark an “X” at any point along the horizontal line, which was converted to a
value between 0 and 100 by measuring the number of millimeters between the “X” and
the start of the line at the “strongly disagree” tick mark, after the session. These ratings
provided an operational definition of subjective conspicuity. After providing three
conspicuity ratings for each of the 16 light configurations for the first viewing distance,
the test vehicle was moved to the second viewing distance, and the process was repeated
until participants rated the conspicuity of the test bicyclist displaying each of the light
configurations at both viewing distances. After participants completed their ratings, they
were driven back to Brackett Hall, thanked, and dismissed. The entire experimental
session lasted approximately one hour.

Figure 5. The three statements to which participants responded by marking an “X” at any
point along the horizontal line. On the printed version the horizontal lines were 100 mm
long.
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CHAPTER THREE
EXPERIMENT 1 RESULTS
The survey that participants responded to consisted of three survey items that
were repeated for each of the 16 light configurations that were observed from two
different distances. Cronbach’s Alpha was calculated to assess the reliability of the three
separate survey items for each of the 32 trials (the 16 light configurations at each of the
two viewing distances). Because the three survey items for each light configuration (see
Table 1) were found to be highly reliable, the three separate items corresponding to each
of the 32 total configurations were averaged for each participant.
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Table 1. Cronbach’s Alphas, Means, and Standard Deviations for the responses to the
three survey items (see Figure 5) for each of the 16 light configurations at the two
different viewing distances
Distance (m)

50

200

Light Configuration
Control
1 Lumen Seat Post
2 Lumen Seat Post
5 Lumen Seat Post
10 Lumen Seat Post
20 Lumen Seat Post
1 Lumen Heels
2 Lumen Heels
5 Lumen Heels
10 Lumen Heels
20 Lumen Heels
1 Lumen Warping Triangle
2 Lumen Warping Triangle
5 Lumen Warping Triangle
10 Lumen Warping Triangle
20 Lumen Warping Triangle
Control
1 Lumen Seat Post
2 Lumen Seat Post
5 Lumen Seat Post
10 Lumen Seat Post
20 Lumen Seat Post
1 Lumen Heels
2 Lumen Heels
5 Lumen Heels
10 Lumen Heels
20 Lumen Heels
1 Lumen Warping Triangle
2 Lumen Warping Triangle
5 Lumen Warping Triangle
10 Lumen Warping Triangle
20 Lumen Warping Triangle

Survey Item: Mean (SD )
Cronbach's Alpha
1
2
3
82.9 (17.6 ) 81.6 (17.1 ) 79.8 (17.3 )
0.935
84.4 (17.6 ) 82.8 (18.0 ) 82.5 (18.4 )
0.939
82.1 (19.8 ) 79.9 (19.1 ) 80.8 (17.6 )
0.931
84.8 (15.1 ) 81.3 (19.6 ) 82.2 (17.2 )
0.919
88.0 (12.1 ) 83.8 (15.8 ) 85.5 (14.6 )
0.927
87.0 (14.5 ) 85.0 (15.0 ) 85.0 (15.8 )
0.938
84.9 (16.1 ) 82.2 (17.6 ) 82.3 (15.4 )
0.95
87.0 (17.5 ) 86.1 (17.5 ) 85.1 (19.1 )
0.969
88.6 (10.9 ) 86.6 (13.6 ) 88.4 (12.1 )
0.923
91.0 (10.5 ) 90.3 (11.5 ) 90.2 (12.4 )
0.97
93.7 (9.5 ) 91.8 (11.9 ) 92.2 (11.1 )
0.95
85.0 (15.1 ) 82.9 (14.2 ) 81.3 (17.4 )
0.922
91.5 (11.1 ) 88.9 (13.7 ) 88.6 (14.1 )
0.917
94.0 (8.8 ) 92.6 (9.6 ) 91.3 (12.8 )
0.909
95.2 (8.1 ) 94.5 (9.1 ) 94.2 (9.4 )
0.947
96.8 (5.6 ) 96.2 (6.4 ) 95.6 (8.2 )
0.934
36.2 (24.9 ) 33.5 (24.6 ) 36.0 (26.5 )
0.955
37.3 (27.1 ) 32.4 (24.5 ) 34.2 (26.7 )
0.945
37.1 (24.2 ) 33.4 (24.4 ) 34.5 (25.6 )
0.948
43.7 (27.7 ) 37.3 (26.0 ) 38.9 (28.3 )
0.97
45.6 (26.3 ) 42.1 (25.5 ) 43.9 (25.7 )
0.962
50.2 (26.8 ) 45.2 (26.5 ) 46.7 (27.9 )
0.958
40.5 (26.6 ) 35.5 (25.2 ) 37.2 (28.5 )
0.959
39.2 (23.8 ) 36.6 (22.6 ) 38.5 (27.4 )
0.935
50.0 (27.1 ) 45.2 (25.2 ) 46.0 (27.0)
0.971
62.1 (24.7 ) 54.4 (25.9 ) 56.6 (28.0 )
0.938
65.9 (25.1 ) 60.5 (27.1 ) 64.1 (27.1 )
0.961
34.6 (23.8 ) 31.1 (22.3 ) 31.2 (22.4 )
0.95
39.5 (27.5 ) 37.5 (25.6 ) 38.8 (28.1 )
0.971
53.2 (26.9 ) 47.2 (25.1 ) 48.8 (26.2 )
0.97
65.3 (22.1 ) 60.8 (25.0 ) 60.0 (26.7 )
0.943
72.6 (25.3 ) 69.2 (25.5 ) 69.3 (26.9 )
0.964
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A 2 (Distance) by 5 (Intensity manipulation) by 3 (Placement manipulation)
repeated-measures analysis of variance (ANOVA; alpha = .05) assessed the individual
and combined effects of these three factors on the conspicuity ratings. The ANOVA did
not include the data from the Control configuration, since that configuration was tested at
only one intensity (zero lumens). Descriptive statistics are provided in Table 2.

Table 2. Mean (and standard deviation) conspicuity rating for each configuration at each
distance
50 m

200 m

Seat Post

Heels

Warping
Triangle

Seat Post

Heels

Warping
Triangle

Overall

1L

83.2
(17.0)

83.2
(15.7)

83.1
(14.5)

34.6
(24.8)

37.7
(25.7)

32.3
(21.8)

59.0
(19.9)

2L

80.9
(17.7)

86.1
(17.5)

89.6
(12.1)

35.0
(23.5)

38.1
(23.2)

38.6
(26.3)

61.4
(20.3)

5L

82.8
(16.1)

87.9
(11.4)

92.6
(9.7)

40.0
(26.6)

47.1
(25.7)

49.7
(25.3)

66.7
(19.6)

10 L

85.7
(13.3)

90.5
(11.1)

94.6
(8.5)

43.9
(24.9)

57.7
(24.7)

62.0
(23.4)

72.4
(18.5)

20 L

85.6
(14.3)

92.6
(10.4)

96.2
(6.4)

47.3
(26.0)

63.5
(25.5)

70.4
(25.0)

75.9
(19.4)

Overall

83.7
(15.7)

88.0
(13.8)

91.2
(11.5)

47.3
(25.4)

48.8
(26.9)

50.6
(28.0)

67.1
(19.5)

Control 50m

Control 200m

81.4 (16.3)

35.3 (24.3)

The results of the ANOVA revealed a significant main effect of Distance F(1,44)
= 176.84, p<.0001, ηp2 = .801. Specifically, the participants’ conspicuity ratings were
significantly higher (M = 87.6, SD = 14.3) when the test bicyclist was viewed from the 50
m distance than when viewed from 200 meters (M = 46.5, SD =27.1; see Figure 6).
Further, the main effect of Placement was also significant F(1.72,75.71) = 48.25,
p<.0001, ηp2 = .523. Post hoc comparisons with Bonferroni correction revealed that,
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when the participants’ conspicuity ratings were averaged across the two viewing
distances and the five taillight intensities, the Warping Triangle configuration (M = 70.9,
SD = 19.8) was significantly greater than those for each of the other configurations (see
Figure 6). Further, the Heels configuration (M = 68.4, SD = 22.4) yielded significantly
greater conspicuity ratings than the Seat Post configuration (M = 61.9, SD = 20.5).

Conspicuity Rating

50 m

200 m

100
90
80
70
60
50
40
30
20
10
0
Seat Post

Heels

Warping
Triangle

Figure 6. Mean conspicuity ratings for each Placement manipulation for each of the two
viewing distances (averaged across the 5 intensities). Ratings represent the extent to
which the participants agreed with the statements in Figure 5. The bold dashed line at Y =
50 represents neutrality (i.e., ratings above the line are in agreement with the survey
items and those below indicate disagreement with the survey items). Error bars represent
±1 standard error of the mean.
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The analysis also revealed a significant main effect of Intensity F(2.32,102.19) =
78.92, p<.0001, ηp2 = .642 (see Figure 7). Post hoc comparisons with Bonferroni
corrections indicated that participants rated the bicyclist who displayed the lights at 20
lumens (M = 75.9, SD = 19.4) as being significantly more conspicuous than when the
lights at each of the other four luminous intensities were displayed. When the bicyclist
displayed the lights at 10 lumens (M = 72.4, SD = 18.5), participants’ conspicuity ratings
were significantly higher than when the bicyclist displayed the 5 lumen (M = 66.7, SD =
19.6), 2 lumen (M = 61.4, SD = 20.3), and 1 lumen (M = 59.0, SD = 19.9) lights. Further
when the 5 lumen lights were displayed, the bicyclist was rated as being significantly
more conspicuous than when the 2 and 1 lumen lights were displayed. All p values were
less than .05. The conspicuity ratings for the bicyclist displaying the 1 and 2 lumen lights
were not significantly different from each other (p>.05).
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Conspicuity Rating

1L

2L

5L

10 L

20 L

100
90
80
70
60
50
40
30
20
10
0
Seat Post

Heels

Warping Triangle

Figure 7. Mean conspicuity ratings for the Placement manipulation as a function of
Intensity. Ratings represent the extent to which the participants agreed with the
statements in Figure 5. The bold dashed line at Y = 50 represents neutrality. The ratings
have been averaged across the two viewing distances. Error bars represent ±1 standard
error of the mean.

A significant interaction between Distance and Placement was also revealed,
F(2,88) = 3.65, p<.05, ηp2 = .077, see Figure 6. Tests of the simple effects with
Bonferroni correction revealed that the Warping Triangle configuration at 50 m (M =
91.2, SD = 8.7) was rated as being significantly more conspicuous than when viewed
from 200 m (M = 50.6, SD = 20.5), t(44) = 13.85, p<.001, d = 2.064. Further, the
conspicuity ratings for the Seat Post configuration viewed from 50 m (M = 83.7, SD =
14.4) were significantly greater than when viewed from 200 m (M = 40.2, SD = 22.8),
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t(44) = 12.36, p<.001, d = 1.842. Also, the conspicuity ratings for the Heels configuration
at 50 m (M = 88.0, SD = 11.8) were significantly greater than when viewed from 200 m
(M = 48.8, SD = 21.5), t(44) = 12.22, p<.001, d = 1.821. To summarize this interaction,
varying the viewing distance had a larger impact on conspicuity for the Warping Triangle
configuration (d = 2.064) than for the Seat Post (d = 1.842) or Heels (d = 1.821).
A significant interaction between Intensity and Placement was also found,
F(8,352) = 12.74, p<.0001, ηp2= .224, see Figure 7. The simple main effect of Intensity
on the ratings of the conspicuity of the Seat Post configuration was significant, F(4,176)
= 12.38, p<.001, ηp2 = .220. For this configuration, the 20 lumen (M = 66.5, SD = 16.1)
and 10 lumen (M = 64.8, SD = 15.2) lights produced significantly higher conspicuity
ratings than the 2 lumen (M = 58.0, SD = 15.4) and 1 lumen (M = 58.9, SD = 17.0) lights
(all p<.05). The conspicuity ratings for the 10 lumen and 20 lumen lights were not
significantly different from each other, and the 5 lumen (M = 61.4, SD = 17.4) lights did
not yield conspicuity ratings that were significantly different from each of the other four
luminous intensities. Further, the 1 lumen and 2 lumen lights did not yield significant
differences in their conspicuity ratings (p>.05). For the Heels configuration, the simple
effect of Intensity was also significant, F(2.55,112.43) = 40.42, p<.001, ηp2 = .479. The
20 (M = 78.0, SD = 15.3) and the 10 lumen (M = 74.1, SD = 14.3) lights yielded
significantly higher conspicuity ratings than the 5 lumen (M = 67.5, SD = 15.6), 2 lumen
(M = 62.1, SD = 15.7), and 1 lumen (M = 60.4, SD = 16.0) lights. Further, the 5 lumen
light was rated as being significantly more conspicuous than the 2 lumen and 1 lumen
lights (all p<.05). The conspicuity ratings for the 10 lumen and 20 lumen lights were not
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significantly different from each other, and the 1 lumen and 2 lumen lights did not yield
significant differences in the conspicuity ratings (p>.05). For the Warping Triangle
configuration, the simple effect of Intensity was again significant, F(3.16,139.02) =
77.23, p<.001, ηp2 = .637. The 20 lumen (M = 83.3, SD = 13.8) lights yielded
significantly greater conspicuity ratings than each of the other four light intensities. The
10 lumen (M = 78.3, SD = 13.8) lights yielded significantly greater conspicuity ratings
than the 5 lumen (M = 71.2, SD = 13.8), 2 (M = 64.1, SD = 15.8) and 1 lumen (M = 57.7,
SD = 13.8) lights. The 5 lumen lights yielded significantly greater conspicuity ratings
than the 1 lumen and 2 lumen lights, and the 2 lumen lights were rated as being
significantly more conspicuous than the 1 lumen lights (p<.05; see Figure 7). All other
comparisons were not significantly different from each other (p>.05). To summarize this
interaction, varying the intensity of the lights had a larger impact on conspicuity for the
Warping Triangle configuration (ηp2 = .637) than for the Heels configuration (ηp2 = .479)
or for the Seat Post configuration (ηp2 = .220).
A significant interaction between Distance and Intensity was also revealed,
F(2.73,120.25) = 23.11, p<.0001, ηp2 = .344; see Figure 8. At the 50 m viewing distance,
the simple effect of Intensity was significant, F(1.99,87.37) = 20.77, p<.001, ηp2 = .321.
At 50 m when the bicyclist displayed the 20 lumen (M = 91.5, SD = 8.9) and 10 lumen
(M = 90.3, SD = 9.8) lights, the conspicuity ratings were significantly greater than when
the 5 lumen (M = 87.8, SD = 10.9), 2 lumen (M = 85.5, SD = 14.9), and 1 lumen (M =
83.2, SD = 14.3) lights were displayed. Further, the conspicuity ratings for the 5 lumen
lights were significantly greater than those for the 1 lumen lights (p<.05). All other
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comparisons did not yield significant differences (p>.05). At the 200 m viewing distance,
the simple effect of Intensity was also significant, F(2.59,114.02) = 59.78, p<.001, ηp2 =
.576. At 200 m, the bicyclist was rated as being significantly more conspicuous when
displaying the 20 lumen (M = 60.4, SD = 22.9) lights than when displaying the 10 lumen
(M = 54.5, SD = 21.7), 5 lumen (M = 45.6, SD = 23.5), 2 lumen (M = 37.2, SD = 22.9),
and 1 lumen (M = 34.8, SD = 21.9) lights. With regard to the configurations incorporating
the lights at 10 lumens, the conspicuity ratings were significantly greater than then the 5
lumen, 2 lumen, and 1 lumen lights were incorporated. Also at 200 m, the bicyclist was
rated as being significantly more conspicuous when displaying the 5 lumen lights than
when displaying the 2 lumen and 1 lumen lights (p<.05). The conspicuity ratings
corresponding to when the bicyclist displayed the 1 lumen and 2 lumen lights did not
significantly differ from each other (p>.05). To summarize this interaction, varying the
intensity of the lights had a greater impact when they were viewed from 200 m (ηp2 =
.576) than when they were viewed from 50 m (ηp2 = .344).
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Figure 8. Mean conspicuity ratings as a function of intensity and viewing distance.
Ratings represent the extent to which the participants agreed with the statements in
Figure 5. The bold dashed line at Y = 50 represents neutrality. These means have been
averaged across the three configurations. Error bars represent ±1 standard error of the
mean.

The results of the ANOVA also revealed a significant three-way interaction
between Distance, Placement, and Intensity, F(8,352) = 3.60, p<.01, ηp2 = .076; see
Figure 9. To address this interaction, the full dataset was split by the two viewing
distances, and the two-way interaction between placement and intensity was explored
separately for both viewing distances. For the data from the 50 m viewing distance, the
two-way interaction between Intensity and Placements was significant, F(4.5,198.1) =
5.76, p<.001, ηp2 = .116. In terms of the bicyclist displaying the Seat Post configuration,
the intensity of the lights had a significant effect on participants’ conspicuity ratings,
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F(2.89,127.0) = 3.62, p<.05, ηp2 = .076. Post hoc comparisons with Bonferroni
corrections indicated that the Seat Post configuration displayed at 20 lumens (M = 85.6,
SD = 14.3) and 10 lumens (M = 85.7, SD = 13.3) yielded significantly greater conspicuity
ratings than when displayed at 2 lumens (M = 80.9, SD = 17.7) (all p<.05). The 1 lumen
(M = 83.2, SD = 17.0) and 5 lumen (M = 82.8, SD = 16.1) lights did not yield conspicuity
ratings that were significantly different than each of the other luminous intensities for the
Seat Post configuration (all p>.05). In terms of the Heels configuration, the intensity of
the lights had a significant effect on participants’ conspicuity ratings, F(2.51,110.35) =
11.16, p<.001, ηp2 = .202. Post hoc comparisons with Bonferroni corrections indicated
that when the lights were displayed at 20 lumens (M = 92.6, SD = 10.4), the conspicuity
ratings were significantly greater than when the 5 lumen (M = 87.8, SD = 11.4), 2 lumen
(M = 86.1, SD = 17.5), and 1 lumen (M = 83.2, SD = 15.7) lights were displayed. Further,
the conspicuity ratings corresponding to the Heels configuration at 10 lumens (M = 90.5,
SD = 11.1) were significantly greater than when the 1 lumen lights were displayed.
Participants also rated the bicyclist displaying the Heels configuration at 5 lumens as
being significantly more conspicuous than when the Heels configuration with 1 lumen
lights was displayed (all p>.05). When the bicyclist displayed the Warping Triangle
configuration, the intensity of the lights also had a significant effect on participants’
conspicuity ratings, F(2.23,98.23) = 26.28, p<.05, ηp2 = .374. Post hoc comparisons with
Bonferroni corrections indicated that the conspicuity ratings were significantly greater
when the 20 lumen (M = 96.2, SD = 6.4) lights were displayed than then the 5 lumen (M
= 92.6, SD = 9.7), 2 lumen (M = 89.6, SD = 12.1), and 1 lumen (M = 83.1, SD = 14.5)
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were displayed. Participants rated the bicyclist displaying the Waring Triangle
configuration at 10 lumen (M = 94.6, SD = 8.5) as being significantly more conspicuous
than when the 2 lumen and 1 lumen lights were displayed. Further, the conspicuity
ratings for the Warping Triangle configuration with the 5 lumen and 2 lumen lights were
significantly greater than when displayed using the lights at 1lumen. All p values were
less than .05. All other comparisons did not yield significant differences among the
conspicuity ratings (p>.05). To summarize the two-way interaction between Intensity and
Placement that is present in the data from the 50 m viewing distance, varying the
intensity of the lights had a larger impact on conspicuity for the Warping Triangle
configuration (ηp2 = .374) than for the Heels configuration (ηp2 = .202) or for the Seat
Post configuration (ηp2 = .076). These effects can be seen in the left half of Figure 9.
Also pertaining to the three-way interaction, for the data from the 200 m viewing
distance, the two-way interaction between Intensity and Placement was also significant,
F(8,352) = 8.57, p<.001, ηp2 = .163. In terms of the Seat Post configuration, the intensity
of the lights had a significant effect on participants’ conspicuity ratings, F(4,176) = 9.79,
p<.001, ηp2 = .182. Post hoc comparisons with Bonferroni corrections indicated that the
Seat Post configuration displayed at 20 lumens (M = 47.3, SD = 26.0) yielded
significantly greater conspicuity ratings than when the 5 lumen (M = 40.0, SD = 26.6), 2
lumen (M = 35.0, SD = 23.5), and 1 lumen (M = 34.6, SD = 24.8) lights were displayed.
Also, when the Seat Post configuration was displayed using the 10 lumen (M = 43.9, SD
= 24.9) lights, the conspicuity ratings were significantly greater than when the 2 lumen
and 1 lumen lights were displayed. In terms of the Heels configuration, the intensity of
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the lights had a significant effect on participants’ conspicuity ratings, F(2.68,117.95) =
29.91, p<.001, ηp2 = .405. Post hoc comparisons with Bonferroni corrections indicated
that when the lights were displayed at 20 lumen (M = 63.5, SD = 25.5) and 10 lumen (M
= 57.7, SD = 24.7), the conspicuity ratings were significantly greater than when the 5
lumen (M = 47.1, SD = 25.7), 2 lumen (M = 38.1, SD = 23.2), and 1 lumen (M = 37.7, SD
= 25.7) lights were displayed. Further when the 5 lumen lights were displayed in the
Heels configuration, the bicyclist was rated as being significantly more conspicuous than
when the 2 lumen and 1 lumen lights were displayed. When the bicyclist displayed the
Warping Triangle configuration, the intensity of the lights also had a significant effect on
participants’ conspicuity, F(4,176) = 51.57, p<.001, ηp2 = .540. Post hoc comparisons
with Bonferroni corrections indicated that the conspicuity ratings were significantly
greater when the 20 lumen (M = 70.4, SD = 25.0) and 10 lumen (M = 62.0, SD = 23.4)
lights were incorporated than when the 5 lumen (M = 49.7, SD = 25.3), 2 lumen (M =
38.6, SD = 26.3), and 1 lumen (M = 32.3, SD = 21.8) lights were displayed. The Warping
Triangle configuration displayed with the 5 lumen lights yielded significantly greater
conspicuity ratings than the 2 lumen and 1 lumen lights. All p values were less than .05.
All other comparisons did not yield significant differences among the conspicuity ratings
(p>.05). To summarize the two-way interaction between Intensity and Placement for the
200 m viewing distance, varying the intensity of the lights had a larger impact on
conspicuity for the Warping Triangle configuration (ηp2 = .504) than for the Heels
configuration (ηp2 = .405) or for the Seat Post configuration (ηp2 = .182) (see the right
half of Figure 9).
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Figure 9. Mean conspicuity ratings as a function of Placement, Distance, and Intensity.
Ratings represent the extent to which the participants agreed with the statements in
Figure 5. The bold dashed line at Y = 50 represents neutrality. Error bars represent ±1
standard error of the mean.

To test how the ratings from the Control configuration compared with the other
configurations at the 50 m and 200 m viewing distances, 6 t-tests with Bonferroni
correction compared the mean rating from the Control configuration at each distance with
the mean ratings from each of the three placement configurations at the two viewing
distances. Each of these t-tests compares the Control configuration, which featured no
lights, with the mean conspicuity rating of one of the three light placement manipulations
at one of the two viewing distances. When viewed from 50 m, the mean conspicuity
rating for the Control configuration (M = 81.4, SD = 16.3) was not significantly different
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from the mean conspicuity ratings for the Seat Post (M = 83.7, SD = 14.4) configuration,
t(44) = -1.68, p=1.00, d = .251. However, the Heels (M = 88.0, SD = 11.8) configuration
yielded significantly greater conspicuity ratings than those for the Control configuration,
t(44) = -3.88, p<.0001, d = .577, and the Warping Triangle (M = 91.2, SD = 8.7)
configuration also yielded significantly greater conspicuity ratings than those for the
control configuration, t(44) = -5.64, p<.0001, d = .842. When viewed from 200 m, the
Seat Post (M = 40.2, SD = 24.3), t(44) = -3.27, p<.001, d = .486, Heels (M = 48.8, SD =
21.5), t(44) = -6.67, p<.001, d = .993, and Warping Triangle (M = 50.6, SD = 20.5), t(44)
= -7.21, p<.001, d = 1.074, configurations were each rated as being significantly more
conspicuous than the Control configuration (M = 35.3, SD = 16.3; see Figure 10).
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Figure 10. The mean conspicuity ratings for each of the three placement configurations
(when averaged across each of the five luminous intensity lights) and the Control
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Configuration at each of the two viewing distances. The bold dashed line at Y = 50
represents neutrality. Error bars represent ±1 standard error of the mean.

To assess the differences between the conspicuity ratings corresponding to the
configurations with no taillight turned “on” (Control) and each of the five luminous
intensities, ten separate t tests were conducted to compare the conspicuity ratings for the
Control configuration with the Seat Post configuration at each of the five luminous
intensities at each viewing distance. The Seat Post configuration was used as the
comparison because it only featured one light at each of the five luminous intensities. For
the 50 m viewing distance, the conspicuity ratings for the Control configuration were no
different than those for the Seat Post configuration at 1 lumen (M = 83.2, SD = 17.0),
t(44) = -1.504, p>.05, d = .225; 2 lumens (M = 80.9, SD = 17.7), t(44) = .302, p>.05, d =
.053; and 5 lumens (M = 82.8, SD = 16.1), t(44) = -.933, p>.05, d = .146. However when
the 10 lumen (M = 85.7, SD = 13.3), t(44) = -2.306, p<.05, d = .344, and 20 lumen (M =
85.6, SD = 14.3), t(44) = -2.217, p<.05, d = .331, Seat Post lights were viewed from 50
m, the conspicuity ratings were significantly greater than those for the Control
configuration (M = 81.4, SD = 16.3). For the 200 m viewing distance, the conspicuity
ratings for the Control configuration were no different than those for the Seat Post
configuration at 1 lumen (M = 34.6, SD = 24.8), t(44) = .304, p>.05, d = .044, and 2
lumens (M = 35.0, SD = 23.5), t(44) = .125, p>.05, d = .015. However when the 5 lumen
(M = 40.0, SD = 26.6), t(44) = -2.525, p<.05, d = .382, 10 lumen (M = 43.9, SD = 24.9),
t(44) = -3.637, p=.001, d = .548, and 20 lumen (M = 47.3, SD = 26.0), t(44) = -4.709,
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p<.001, d = .702, Seat Post lights were viewed from 200 m, the conspicuity ratings were
significantly greater than those for the Control configuration (M = 35.2, SD = 24.3). See
Figure 11.
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Figure 11. The mean conspicuity ratings for each of the five luminous intensities (when
averaged across each of the three placement manipulations) and the Control
Configuration at each of the two viewing distances. The bold dashed line at Y = 50
represents neutrality. Error bars represent ±1 standard error of the mean.

Experiment 1 provided a better understanding of the optimal places for bicyclists
to mount rear-facing lights in order to enhance their conspicuity during the daytime.
Further, the results of this experiment also offered insights to bike light designers on the
optimal luminous intensities for rear-facing lights that are intended for daytime use.
Experiment 2 sought to extend the results of Experiment 1 using open-road methods that
included eye-tracking. The same three light configurations were included in Experiment
2.
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CHAPTER FOUR
EXPERIMENT 2 METHODS
Participants
A total of 164 undergraduate students who did not take part in Experiment 1 were
recruited to take part in this experiment. Data from 28 participants were excluded from
analysis due to various methodological issues including the bicyclist not being ready due
to a missed signal or displaying the wrong light configuration (11), extraneous
pedestrians or bicyclists being in view of the test bicyclist during the experimental
approach (15), extraneous stopped vehicles being near the test bicyclist as the test vehicle
approached, or no eye tracking video being recorded (2). Excluding the data from these
28 participants in the analyses allowed the experiment to be more carefully controlled,
since doing so ensures that the results describe participants’ responses to the test
bicyclist. Therefore, data from a total of 136 participants are presented here (Control:
n=33; Seat Post: n=34; Heels: n=34; Warping Triangle: n=35). All participants had 20/40
or better binocular visual acuity (Bailey-Lovie) and a log contrast sensitivity of 1.65 or
better (Pelli-Robson contrast sensitivity test) while wearing their presenting optical
correction. In addition, all participants were required to have a valid driver’s license and
at least two years of driving experience. Participants received credit toward their
psychology class. All procedures were approved by the Clemson University Institutional
Review Board, and all participants provided their informed consent prior to testing.
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Design
This study followed a mixed design with two independent variables. Each
participant encountered one test bicyclist displaying one of four light configurations, all
of which were used in Experiment 1. Thus, the light configuration was a betweensubjects factor. This ensured that each participant did not have any prior exposure to the
test bicyclist before they encountered the test bicyclist displaying one of the four
taillights configurations during their experimental session. In other words, the
participants could not anticipate encountering the test bicyclist. The four different
taillight configurations were: “Control” (a light mounted to the seat post of the bicycle
but turned “off”); “Steady Seat Post” (a light mounted to the seat post of the bicycle
operating on a steady “always on” mode); “Heels” (lights operating on a steady mode
mounted on the back of each of the rider’s heels); and “Warping Triangle” (a light
operating on a steady mode mounted on the seat post of the bike and two lights in steady
mode mounted to the rider’s heels). The within-subjects variable was the type of response
that participants made regarding their awareness of the test bicyclist: 1. First Glance (the
first moment that participants looked at the test bicyclist), 2. the Final Glance Prior to
Detection (the last time participants looked at the bicyclist before pressing the first
button), 3. Detection (the moment that participants initially noticed that a bicyclist might
be present in or near the roadway), 4. Final Glance Prior to Recognition (the final time
that participants looked at the bicyclist before pressing their button a second time), and 5.
Recognition (the moment that participants were confident that a bicyclist was present in
or near the roadway). An eye tracker was used to obtain the glance responses. An initial
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button press response marked participants’ detection of the test bicyclist, and a second
button press marked the participants’ recognition of the test bicyclist. The dependent
variable in this experiment was the distance from which participants made each of these
responses.
Materials
The lights used in this experiment were off-the-shelf Bontrager Flare RTs (see
Figure 12). Only the 25 lumen (the highest luminous intensity) “always on” mode were
used in the three configurations that featured an active light. These lights were used
instead of the prototype lights from Experiment 1 because a pilot study for Experiment 2
revealed that the prototype lights were only detectable from unusually near distances
(approx. 50 m) on open roadways during the daytime. In Experiment 1, participants had
been told where the bicyclist was positioned, and at the 200 m distance, participants had
difficulty detecting the prototype lights, even though they knew where to fixate. In
Experiment 2, participants were not told whether there would be a bicyclist or where the
test bicyclist would be positioned. Thus, participants in the pilot study for Experiment 2
did not respond to the test bicyclist (who displayed the light configurations using the
prototype lights that did not include an optical lens) until the test vehicle was nearly
adjacent to the bicyclist. However when the Bontrager Flare RT taillights were featured
in the light configurations in the Experiment 2 pilot study, participants detected the test
bicyclist from substantially greater distances (approx. 500 m). Flare RT taillights feature
an optical lens in front of the LED which allows the light beam to project to greater
viewing distances than the prototype lights without a lens. Thus, the Flare RT taillights
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had the potential to be detected from greater distances than the lights used in Experiment
1. Therefore, the lensed Flare RTs were used in all configurations in Experiment 2. The
rest of the materials used in this experiment, including the bike, trainer, and black cycling
garments were the same as those used in Experiment 1. The test bicyclist maintained a
cadence between 75 and 90 rpm using the same bicycle computer from Experiment 1.
During data collection, the test bicyclist kept both hands on the handlebars and avoided
making extraneous (non-cycling) movements.

Figure 12. The Bontrager Flare RT taillight, which features a lens to reduce the beam
dispersion. The diameter of the aperture of the light and lens is 2 mm.

The test route consisted of 4.6 miles of roadways on or near Clemson University’s
campus (see Figure 13) and contained a long, straight section of a two-lane roadway that
had a speed limit of 35 mph (56.3 km/hr). The test bicyclist was positioned on the
sidewalk to the right of the roadway at the end of a 787.1 m sight distance. Thus from the
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start of the 787.1 m sight distance, it took the test vehicle 50.3 seconds to arrive at the
position of the test bicyclist. The test vehicle, which was either a 2019 Nissan Versa
(9.2%), 2018 Nissan Altima (60.6%), 2018 Kia Forte (4.6%), or 2019 Lincoln MKZ
(25.7%), was driven at the speed limit throughout each experimental session.

Figure 13. The experimental test route for Experiment 2. The route began and ended at
Brackett Hall, and the test bicyclist’s location is marked with a bicyclist icon. Map from
Google Maps (maps.google.com).

The eye tracker was a head-mounted Pupil Labs Eye Tracker with a binocular
camera system. This system had a sampling rate of 200 Hz and an accuracy of 0.6 degree
of visual angle (Kassner, Patera, & Bulling, 2014). The eye tracker was connected to a
Dell laptop that recorded the data. In order to for the eye cameras to successfully register
and record data from the participants eyes, “sunglasses” were created for the eye tracker
using 0.6 neutral density (ND) filters. This reduced the amount of illumination by 75%
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between the eye cameras and the participants’ eyes and allowed the eye cameras to pick
up on the participants’ pupils more easily. Only the eye cameras were behind the ND
filters, and the world camera which recorded the visual environment of the observer was
not obstructed. See Figure 14.

Figure 14. The eye tracker with the “sunglasses” mounted around the frame.

Procedure
All data collection sessions were scheduled at least one hour after sunrise and one
hour before sunset, and sessions were scheduled on days free from precipitation or fog.
At the beginning of each session, the participant met one of the researchers in the Visual
Perception and Performance Laboratory, where the participant completed an informed
consent document, provided demographic information, and were visually screened. Once
researchers ensured that a participant was eligible to participate, the participant was
escorted to the test vehicle and given verbal instructions. One participant was tested
during each experimental session and was seated in the front passenger seat of the test
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vehicle. An experimenter was also present in the test vehicle for every data collection
session to provide instructions, set up the eye tracker, and drive the test vehicle.
Upon entering the test vehicle, the participant was given instructions to look
around the roadway by moving only their eyes for any bicyclists that they saw “either
stopped or moving in or near the roadway.” They were told that their eye movements
were recorded with the eye tracker, and they would hold a laptop in their lap. They were
instructed to press the “spacebar” on the keyboard when they first saw something that
might be a bicyclist and then press the “spacebar” again when they were confident that
they saw a bicyclist. Once participants indicated that they understood the instructions,
they were given the data collection laptop to hold on their lap and asked to put on the
Pupil Labs eye tracking glasses. The experimenter assisted the participant in calibrating
the eye tracker using a 5-point calibration technique conducted on the laptop screen.
Once the eye tracker was calibrated, the participants were taken on a 15-20
minute drive, and they were told to press the “r” button on the keyboard to start the
recording when the test vehicle reached the traffic light at the intersection prior turning
onto the roadway along which the test bicyclist displaying one of the four taillight
configurations was positioned. Once the test vehicle passed the test bicyclist about 7
minutes into the drive, the researcher indicated that the trial was finished and asked the
participant to stop the eye tracking recording by pressing the “r” button on the laptop
keyboard. This process allowed for five response times to be calculated offline. These
five time spans quantified the time that passed prior to the vehicle passing the test
bicyclist from (a) the moment when the participant first glanced on the test bicyclist, (b)
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the moment when the participant made their final glance on the test bicyclist prior to
pressing the first button, (c) the moment when the participant pressed the first button, (d)
the moment when the participant made their final glance on the test bicyclist prior to
pressing the second button, and (e) the moment when the participant pressed the second
button. These response times were used to calculate the glance, detection, and recognition
distances. After passing the test bicyclist, the experimenter notified the participants that
the experiment was over and interviewed the participants about their experience. Upon
arriving back at Brackett Hall, participants were thanked and dismissed.

CHAPTER FIVE
EXPERIMENT 2 RESULTS
The eye tracking recordings were processed manually to determine the key
temporal landmarks. At least three researchers separately went through each recording
frame-by-frame using the Pupil Labs Pupil Player software on a Dell laptop and extracted
eye movement data on the First Glance, the Final Glance Prior to Detection, and the Final
Glance Prior to Recognition. To ensure that calibration error was accounted for, the
frames in each participants’ recordings that corresponded to the moments when
participants pressed their buttons were used as reference points, and it was assumed that
the true point of fixation at the moment the participants’ pressed the response button was
on the bicyclist. Each researcher individually evaluated the videos to find the frame in
which the participant had first pressed their button (indicating detection of the bicyclist)
and then placed a clear plastic sheet over the laptop screen. They then marked where the
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bicyclist and participants’ green fixation dot were to create a template of the proximity of
the fixation dot to the bicyclist. Each researcher made their own template for each
recording. As the researchers progressed frame-by-frame through the recordings, they
would align the marker corresponding to the bicyclist on the plastic template with the
bicyclist on the screen and record time stamps for the moments when the fixation dot on
the screen matched the marker for the fixation dot on the plastic template. This was done
separately for each participant’s recording. Data for all glances that participants made on
the test bicyclist were also processed by a researcher. During the coding process the
coders were unaware of which light configuration was being tested in the videos. The
limited resolution of the eye tracker’s world camera prevented the coder from discerning
which light configuration was being tested in each recording. These mechanisms
prevented any unconscious bias on the part of the coder from influencing the coding of
the time and distance of the button presses.
Thirty-five participants did not provide reliable eye movement data due to
calibration problems. Therefore, 101 participants provided complete sets of eye
movement and button press data (Control: n=25; Seat Post: n=28; Heels: n=23; Warping
Triangle: n=25). The data from these 101 participants were used in the following
analyses. In order to later convert the timestamps into distances, the moment that the test
vehicle passed the test bicyclist was also obtained from each video recording by at least
three separate researchers. To do this, the coders separately watched each recording in
normal playback mode, and they recorded the timestamp at the moment that they judged
that the front of the test vehicle was adjacent to the test bicyclist.
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Interrater reliability for the timestamps for each eye movement variable was
assessed using Cronbach’s Alpha (see Table 2). Since Cronbach’s Alpha ranged from
0.629 – 0.938, the data for each variable from each of the raters were averaged together.
The means of each of the three raters for each variable were then analyzed.

Table 3: Cronbach’s Alpha values for each eye movement variable with the means and
standard deviations in seconds for each of the three raters.

Response Type
First Glance
Final Glance Prior to Detection
Final Glance Prior to Recognition
Pass Bike

Cronbach's
Alpha
0.751
0.938
0.629
0.875

Rater 1
Mean (SD)
32.8 (7.3)
59.4 (8.9)
62.8 (7.4)
77.9 (3.8)

Rater 2
Mean (SD)
31.6 (7.0)
59.0 (9.8)
64.1(9.1)
77.5 (3.8)

Rater 3
Mean (SD)
31.7 (6.7)
59 (9.8)
61.9 (12.9)
77.1 (5.7)

The timestamps from each of the three eye movement variables were then each
subtracted from the corresponding timestamps for the moment that the front of the test
vehicle was adjacent to the test bicyclist. These difference scores defined the time that
elapsed from when participants made their glances on the test bicyclist to when the test
vehicle passed the test bicyclist. These response times were then converted to response
distances using the constant speed of the test vehicle (35 mph). This method has been
validated in other studies (Edewaard et al., 2017; Whetsel Borzendowski, Stafford
Sewall, Rosopa, & Tyrrell, 2015).
The distances from which participants responded to the test bicyclist (response
distances) were analyzed using a 5 (Response Type: First Glance, Final Glance Prior to
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Detection, Detection, Final Glance Prior to Recognition, and Recognition) X 4 (Light
Configuration: Control, Steady Seat Post, Heels, and Warping Triangle) mixed analysis
of variance (ANOVA). To satisfy the assumption of normality, a constant of 0.5 m was
added to each of the response distances to eliminate any zeros, and the response distance
data were transformed into their natural logs (the values presented in the figures below do
not incorporate the added constant of 0.5 m). Further to satisfy the sphericity assumption,
Greenhouse-Geisser corrections were used to adjust the degrees of freedom.
The ANOVA revealed a significant main effect of Taillight Configuration, F(3,
97) = 4.28, p< .01, ηp2= .117. When averaged across the 5 response types, post hoc
comparisons with Bonferroni corrections indicated that participants responded to the test
bicyclist who displayed the Warping Triangle configuration (M = 323.6 m, SD = 90.2 m)
from significantly greater distances than the test bicyclist who displayed the Heels
configuration (M = 287.4 m, SD = 106.0 m) (p<.05). See Figures 15).
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Figure 15. The pattern of response distances for the four light configurations when
averaged across the five response types. Error bars represent ±1 standard error of the
mean.

Not surprisingly, the main effect of Response Type was also significant, F(1.64,
4.92) = 243.95, p<.0001, ηp2=.72. Pairwise comparisons with Bonferroni corrections
indicated that, when averaged across the four light configurations, participants made their
first glance on the bicyclist (M = 702.9 m, SD = 65.2 m) from significantly greater
distances than those corresponding to each of the other four response types. The distances
from which they made their last glance at the bicyclist right before pressing their first
button response (M = 292.4 m, SD = 129.0 m) were significantly greater than the
distances for the detection button press (M = 211.7, SD = 115.9 m), the final glance
before pressing the second button (M = 232.1 m, SD = 108.4 m), and the recognition
(second) button press (M = 95.5 m, SD = 75.3 m). Further, the Detection and Final

51

Glance Prior to Recognition distances were significantly greater than the distances from
which they recognized the bicyclist (p<.0001). All other comparisons were not
statistically significant (p>.05; see Figures 16 and 17).
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Figure 16. The pattern of response distances for the five response types. Error bars
represent ±1 standard error of the mean.
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Figure 17. A birds-eye view of the distances to the test bicyclist for the means of each of
the five responses made by participants. The depicted values are averaged across the four
light configurations.

The interaction between Response Type and Taillight Configuration was not
significant, F(4.9,159.2) = 1.87, p=.103, ηp2=.055 and is depicted in Fig. 18. However,
the simple effects pertaining to this interaction were still analyzed in order to explore the
impact of Taillight Configuration for each of the five response types. The simple effect of
Taillight Configuration on the distances from which participants made their first glance
on the bicyclist was not significant, F(3,105) = .144, p=.933, ηp2=.433. In other words,
the participants first glanced at the test bicyclist from similar distances to the Control (M
= 700.0 m, SD = 84.8 m), Seat Post (M = 713.3 m, SD = 47.8 m), Heels (M = 706.7 m,
SD = 60.5 m), and Warping Triangle (M = 690.5 m, SD = 65.2 m) configurations (all
p>.05). Similarly, the simple effect of Taillight Configuration on the distances from
which participants made their final glance on the bicyclist before pressing the button in
response to detecting the bicyclist was also not significant, F(3,104) = 1.71, p=.17,
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ηp2=.047. When the Control (M = 245.5 m, SD = 99.2 m), Seat Post (M = 316.4 m, SD =
138.8 m), Heels (M = 280.4 m, SD = 149.7 m), and Warping Triangle (M = 323.3 m, SD
= 114.6 m) configurations were displayed, this last glance on the bicyclist before the
detection button press occurred at distances that were not significantly different from
each other (all p>.05). Further the simple effect of Taillight Configuration on the
distances from which participants pressed the button in response to detecting the bicyclist
was not significant, F(3,132) = 2.45, p=.067, ηp2=.053. There were no significant
differences among the distances from which participants detected the bicyclist displaying
the Control (M = 181.8 m, SD = 75.9 m), Seat Post (M = 229.9 m, SD = 132.2 m), Heels
(M = 189.2 m, SD = 115.2 m), and Warping Triangle (M = 241.8 m, SD = 125.2 m)
configurations (all p>.05). However, the simple effect of Taillight Configuration on the
distances from which the last glance participants made on the test bicyclist before
pressing the button in response to recognizing the bicyclist was significant, F(3,99)
=3.515, p<.05, ηp2=.096. Participants made their final glances before pressing their
buttons for recognition from significantly greater distances when the bicyclist displayed
the Warping Triangle configuration (M = 254.8 m, SD = 82.8 m) than when the Heels
configuration (M = 190.7 m, SD = 107.3 m) was displayed (p<.05). The rest of the
comparisons between the Control (M = 219.4 m, SD = 114.7 m), Seat Post (M = 257.1 m,
SD = 116.6 m), Heels, and Warping Triangle configurations did not differ significantly
(p>.05). Also, the simple effect of Taillight Configuration on the distances from which
participants recognized the bicyclist was significant, F(3,132) =3.804, p<.05, ηp2=.080.
The distances from which participants recognized the test bicyclist displaying the Seat
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Post (M = 109.4 m, SD = 75.5 m) configuration were significantly greater than those
corresponding to when the bicyclist displayed the Control (M = 90.4 m, SD = 59.7 m)
configuration (p<.05). The rest of the comparisons among the Control, Seat Post, Heels
(M = 71.1 m, SD = 97.5 m), and Warping Triangle (M = 107.6 m, SD = 63.0 m)
configurations were not significant (p>.05).
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Figure 18. The pattern of response distances for the four light configurations and for each
of the response types. Error bars represent ±1 standard error of the mean.
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In total, participants on average made 11 glances toward the test bicyclist during
their approach to the bicyclist. A mixed ANOVA was conducted to compare how each
participants’ total number of glances were distributed across three periods (prior to
detection, between detection and recognition, and after recognition) for the bicyclist
displaying each of the four taillight configurations. The effect of Placement on the
number of glances that participants made on the test bicyclist was not significant,
F(3,103) = .329, p>.05, ηp2 = .009. However, the number of glances that participants
made on the bicyclist for each of the three time periods were significantly different,
F(1.26, 129.34) = 245.92, p<.0001, ηp2 = .705. Post hoc comparisons with Bonferroni
corrections revealed that participants made significantly more glances prior to the
detection button press (M = 9.0, SD = 4.3) than they did between the detection and
recognition button presses (M = 0.9, SD = 2.1) and after the recognition button press (M =
1.1, SD = 1.8) (p<.0001). The interaction between the three periods and taillight
configurations was not significant, F(3.77,129.34) = .34, p>.05, ηp2 = .010.
The natural log transformed data from 136 participants (including the 35
participants who were excluded from the analyses of eye tracking variables due to the eye
tracker’s failure to record eye movement data) who provided button press data were
analyzed using a 2 (Response Type: Detection and Recognition) by 4 (Taillight
Configuration) mixed ANOVA. This analysis revealed a significant main effect of
Response Type, F(1, 132) = 94.701, p<.0001, ηp2 = .456. When averaged across the four
taillight configurations, the Detection distances (M = 204.7 m, SD = 108.6 m) were
significantly greater than those corresponding to the Recognition distances (M = 95.4 m,
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SD = 73.5 m; p<.05). The main effect of Taillight Configuration was also significant,
F(3, 132) = 3.81, p<.05, ηp2 = .08. Post hoc comparisons with Bonferroni corrections
revealed that the response distances, when averaged across the detection / recognition
button presses, corresponding to the Seat Post configuration (M = 169.5 m, SD = 96.4 m)
were significantly greater than those corresponding to the Control configuration (M =
135.1 m, SD = 73.0 m) (p<.05). All other comparison between the Control, Seat Post,
Heels (M = 134.6 m, SD = 100.6 m), and Warping Triangle (M = 160.2 m, SD = 87.8 m)
configurations were not statistically significant (p>.05).
The ANOVA analyzing the Detection and Recognition distances for each of the
four taillight configurations also revealed that the interaction between the Response Type
and Taillight Configuration on the response distances was significant F(3, 132) = 2.518
p<.05, ηp2 = .063; see Figure 17. The simple effect of Response Type on the response
distances for the Control configuration was significant, t(32) = 8.231, p<.001, d = 1.432.
In other words, when the Control configuration was displayed by the bicyclist, the
Detection distances (M = 183.3 m, SD = 78.3 m) were significantly greater than the
distances from which participants recognized (M = 75.3 m, SD = 60.3 m) the test
bicyclist. The simple effect of Response Type on the response distances for the Seat Post
configuration was also significant, t(33) = 6.825, p<.001, d = 1.170. The distances from
which participants pressed their button in response to detecting the test bicyclist with the
Seat Post light (M = 229.6 m, SD = 120.3 m) were significantly greater than those from
which participants pressed their buttons in response to recognizing this bicyclist (M =
120.6 m, SD = 73.7 m). Similarly, the simple effect of Response Type on the response
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distances for the Heels configuration was significant, t(33) = 8.820, p<.001, d = 1.512.
The Detection distances for the Heels configuration (M = 183.5 m, SD = 110.0 m) were
significantly greater than the Recognition distances (M = 85.7 m, SD = 91.2 m). Finally,
the simple effect of Response Type on the response distances for the Warping Triangle
configuration was significant, t(34) = 8.164, p<.001, d = 1.381. The distances from which
participants pressed their buttons indicating that they detected the bicyclist displaying the
Warping Triangle configuration (M = 221.2 m, SD = 116.1 m) were significantly greater
than those from which they pressed their buttons indicating that they recognized the
bicyclist (M = 99.3 m, SD = 59.4 m). To summarize this interaction, the response type
had a larger impact on conspicuity for the Heels configuration (d = 1.512) followed by
the Control configuration (d = 1.432), the Warping Triangle configuration (d = 1.381)
and the Seat Post configuration (d = 1.170). See Figure 19.
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Figure 19. The pattern of the distances at which the 136 participants pressed their button
to indicate when Detection and Recognition had occurred, as a function of the four light
configurations. Error bars represent ±1 standard error of the mean.

CHAPTER SIX
DISCUSSION
The two experiments in this project sought to better understand the ways in which
bicyclists can use taillights to make themselves more conspicuous to drivers who
approach them from behind in daytime roadway environments. Experiment 1
incorporated a closed road method. Participants sitting in a stationary test vehicle that
was parked at two different distances made subjective ratings of conspicuity in response
to viewing a bicyclist who displayed different taillight configurations that varied in terms
of their placement and luminous intensity. Experiment 2 utilized an open road method.
Participants wore an eye tracker and searched for bicyclists as they were driven along an
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experimental route that featured a stationary test bicyclist who displayed one of four
taillight configurations. The distances from which participants made glances and pressed
buttons in response to detecting and recognizing the test bicyclist were analyzed to better
understand the temporal dynamics of drivers becoming aware of bicyclists on roadways
ahead during the daytime.
The results of Experiment 1 revealed that when the bicyclist was displaying light
configurations that incorporated greater numbers of lights (e.g., the three lights in the
Warping Triangle configuration or the two lights in the Heels configurations) with higher
luminous intensities (e.g., 10 or 20 lumens), the test bicyclist was rated as being
significantly more conspicuous than when fewer lights and lower luminous intensity
lights were displayed. When viewed from the nearest viewing distance (50 m), the test
bicyclist was rated as being significantly more conspicuous for each of the taillight
placements (Seat Post, Heels, and Warping Triangle) and luminous intensities (1, 2, 5,
10, and 20 lumens) than when rated from the farther viewing distance (200 m). This was
expected because, as viewing distance increases, both the apparent intensity of the lights
and the visual angle of the bicyclist decrease.
Importantly, when the test bicyclist was viewed from the farther distance (200 m),
the differences between the conspicuity ratings for the various light placements and
luminous intensities became more pronounced. In particular, as the luminous intensity of
the lights increased for the Heels and Warping Triangle configurations, the test bicyclist
was rated as being significantly more conspicuous than when the luminous intensities of
the lights were lower. This may have occurred due to the visibility of the lower intensity
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lights (1, 2, and 5 lumens) being barely visible, even to the experimenter, at the 50 m
viewing distance, and thus while the lights were visible at 50m, participants may not have
been able to perceive them when at the 200 m viewing distance. The higher luminous
intensity lights (10 and 20 lumens) when viewed from 50 m were well above threshold,
and while they appeared less bright from 200 m, they were still sufficiently intense.
When the Seat Post configuration was viewed from 200 m, the higher luminous intensity
lights did not provide as great of a conspicuity advantage over the lower luminous
intensity lights. These results were expected because the Warping Triangle and Heels
configurations not only highlighted the movement of the rider more than the Seat Post
configuration, but they also incorporated a greater number of lights than the Seat Post
configuration. Thus, the Seat Post configuration was not as robust to the conspicuity
diminishing effects of increased viewing distances.
When compared with the configuration in which the rider did not display any
taillights (the Control configuration), the test bicyclist was rated by participants as being
significantly more recognizable as a bicyclist when displaying taillights in any of the
other three configurations. Thus, in general, taillights were found to enhance a rider’s
daytime conspicuity to drivers approaching from the rear. The light mounted to the seat
post of the bicycle, which is the way that riders typically use taillights, provided a
conspicuity advantage over the Control configuration, particularly when displayed at 10
and 20 lumens.
Also, the Warping Triangle and the Heels configurations were each rated as being
significantly more conspicuous than the Control configuration. This was expected not
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only because of the number of lights incorporated in the Warping Triangle and Heels
configurations but also because the lights highlighted the movement of the rider. This
effect was even more pronounced at the farther viewing distance. Indeed, the most
important finding of this experiment might be that the two taillight configurations that
included biomotion were more robust to the conspicuity decrease that normally
accompanies increases in viewing distance. It should be noted that it is in riders’ best
interests to be conspicuous from as great a viewing distance as possible because they
increase their chances of being noticed by drivers earlier, and this gives drivers more time
to react appropriately to avoid collisions. Therefore, while having a functioning light on
the seat post provided conspicuity advantages over having no light, having a greater
number of lights and using them to emphasize the rider’s pedaling motion provided
valuable conspicuity benefits.
It is important to note that the conspicuity of the test bicyclist was assessed in
Experiment 1 by having participants respond to survey prompts to indicate the extent to
which they agreed with each statement for each configuration. Specifically, participants
had to mark an “x” on a 100 mm line to give a measure of how recognizable the bicyclist
was as a bicyclist in each configuration. Responses less than 50 indicated that participants
tended to disagree that the bicyclist was recognizable as a bicyclist. Conversely,
responses greater than 50 indicated that participants tended to agree that the bicyclist was
recognizable. In other words, as the conspicuity measures increase toward 100, the
bicyclist was judged to be progressively more conspicuous. When viewed from 50 m,
participants’ ratings ranged from 81 to 96, indicating strong agreement that the bicyclist
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was conspicuous. However, when viewed from 200 m, only the 10 and 20 lumen Heels
and Warping Triangle configurations had mean ratings above 50 (ranging from 57 – 70).
This indicated that when viewed from the farther viewing distance, the rider was
recognizable as a bicyclist only when displaying lights on the heels with or without the
seat post-mounted taillight at the two greatest luminous intensities. This is a key finding
because, when a bicyclist is conspicuous to an approaching driver from farther distances,
drivers have more time to process the visual information corresponding to the bicyclist
and plan and execute actions that will avoid a collision. Thus, among the taillight
configurations included in Experiment 1, mounting lights with greater luminous
intensities to the heels of a rider’s shoes – with or without the presence of a seat postmounted taillight – appears to be the most effective configurations for enhancing daytime
conspicuity from farther distances. As a point of reference, a driver traveling 55 mph
(88.5 km/hr) travels 200 m in 8.1 s.
Despite the fact that the luminous intensity of the taillights was not equal across
each of the three placement manipulations in Experiment 1, the results suggest that the
perceptual phenomenon of biomotion may have a powerful effect on bicyclist conspicuity
during the daytime. These findings align with a plethora of other studies that have also
found that highlighting a bicyclist’s pedaling movement can enhance conspicuity both
during the daytime and nighttime (Blomberg et al., 1986; Edewaard et al., 2017;
Edewaard et al., 2020; Edewaard et al., 2019; Koo & Huang, 2007; Stapleton & Koo,
2017; Wood et al., 2012).
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Using a different approach, the results of Experiment 2 confirmed that taillights can
enhance a bicyclist’s conspicuity during the daytime. Participants made their Final
Glance Prior to Recognition on the bicyclist from significantly greater distances when the
Warping Triangle configuration was displayed than when the Heels configuration was
displayed. In terms of recognition, participants pressed their buttons to indicate
recognition from significantly greater distances when the Seat Post configuration was
displayed than when the Control configuration was displayed. In other words, taillights
that are mounted to the seat post of the bicycle with or without lights on the heels of the
rider’s shoes can help observers to recognize the presence of the bicyclist from farther
distances. This finding aligns with the results of similar studies that assessed the benefits
of taillights on bicyclist daytime and nighttime conspicuity (e.g., Daytime: Edewaard et
al., 2019; Nighttime: Blomberg et al., 1986; Edewaard et al., 2017; Edewaard et al., 2020;
Koo & Huang, 2007; Stapleton & Koo, 2017; Wood et al., 2012). The response distances
yielded by the Seat Post configuration were similar to those corresponding to the
Warping Triangle configuration. This was likely a result of the lensed taillights appearing
much less bright when they were mounted to the heels than when mounted to the seat
post.
The Heels configuration yielded the shortest response distances of the configurations
that incorporated active taillights, and the mean response distances to the rider displaying
the Heels configuration were no different from those corresponding to the Control
configuration. These results were surprising given the number of previous studies that
found that placing lights on the heels or ankles of a bicyclist can enhance their

64

conspicuity both during the daytime and nighttime (e.g., Blomberg et al., 1986; Edewaard
et al., 2017; Edewaard et al., 2019; Edewaard et al., 2020; Koo & Huang, 2007). The
present findings are likely a result of the taillights that were used in this experiment
incorporating a lens in front of the LED light. Thus, as the bicyclist pedaled with the
lights mounted to the heels, the rider’s heels pivoted and oscillated vertically. As a result,
the lights appeared to be “on” for only a portion of the pedaling cycle. This reduced the
mean contrast between the lights and the bicyclist’s environment, and the lights were not
perceptible during much of each pedaling phase. Further, the finding that the response
distances for the Seat Post and Warping Triangle configurations were not significantly
different from each other provides more evidence to the idea that the lights on the heels
were not sufficiently perceptible.
Careful examination of the variation in the temporal patterns of the participants’ eye
movement and button press responses provided insights into the ways in which drivers
might detect and recognize bicyclists using taillights in daylight. The results of the
Response Type distances, the differences between the distances from which participants
made their first glances on the bicyclist when the Control, Seat Post, Heels, and Warping
Triangle configurations were not significantly different from each other. Similar results
were obtained from the analyses of the distances from which participants made their final
glance on the bicyclist prior to the detection button press and those from which they
pressed their buttons for detection. During the daytime, there may have been enough
ambient illumination to allow participants to see and detect the full rider from relatively
far distances regardless of whether taillights were present on the bicycle. Because the
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First Glance, Final Glance Prior to Detection, and Detection distances each averaged
greater than 200 m, the participants had more than 12 sec to process the information that
specified the bicyclist’s presence. These results are similar to the results of the eye
tracking experiment conducted by Edewaard et al. (2019), who found that the distances
from which participants detected a bicyclist displaying the same configurations in
daytime videos of drive-bys of the bicyclist were not significantly different across the
five configurations .
Also in terms of the results of the Response Type analyses, drivers who encounter
bicyclists riding on long, straight, and flat roadways during the daytime initially glance at
the cyclist from a mean distance that was 2.4 times greater than when participants made
their final sustained glances prior to pressing their buttons for detection of the bicyclist.
In other words, participants made their first glance on the test bicyclist, and after an
average 26.2 seconds, participants made their Final Glance Prior to Detection on the test
bicyclist. Then after another 5.2 seconds on average, participants pressed their first
buttons to indicate that they detected something that might be a bicyclist, and after an
average of another 7.4 seconds, participants pressed their buttons indicating that they
recognized that a bicyclist was present. On average, this second button press occurred a
mean of 6.1 seconds on average before the vehicle passed the test bicyclist. Figure 20
graphically summarizes the mean locations of these landmarks. These findings revealed
that it may take drivers a considerable amount of time to detect and recognize a bicyclist
on long straight roadways. That is, there can be a substantial delay between when drivers
look at hazards ahead and when they can identify the hazards.
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Figure 20. A birds-eye view of the distances to the test bicyclist for the means of each of
the five responses made by participants, averaged across the four light configurations, with
the time increments between the various Response Types discussed above (in seconds).

The Response Type data indicate that the controversial PRT of 1.5 seconds (Green,
2000; Olson et al., 1984; Summala & Koivisto, 1990; Wartman & Matthias, 1983) may
not be enough time for drivers to glance at, detect, and recognize bicyclists in the
roadway. Fambro, Koppa, Picha, and Fitzpatrick (1998) defined PRT as beginning when
an observer first detected an object, but even if the PRT clock was started when
participants pressed their buttons in response to detecting the cyclist, it took participants
7.4 seconds to respond to recognizing the bicyclist. Therefore, using even a conservative
PRT of 2.5 seconds (Summala, 1981; Sivak, 1987; Olson 1989) may still not give drivers
enough time to react to bicyclists, even during the daytime. These data confirm that no
single PRT value can be applied to all situations (Francis, Tyrrell, & Owens, 2020).
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Experiment 2 offered insights into the ways in which drivers make eye
movements around their visual environments as they searched for roadway hazards such
as bicyclists while driving during the daytime. It also elucidated the temporal dynamics
through which drivers become aware of the presence of vulnerable road users during
daylight. Using two different methods to measure detection and recognition (eye tracking
technology and button press responses), this experiment offered a better understanding of
how glances, detection responses, and recognition responses to the bicyclist vary in terms
of the distances that they yield. The results of this study can help educate drivers and
bicyclists on the ways in which bicyclists are detected and recognized in daytime
roadway environments.
Both experiments in the present project had important limitations. In both
experiments, the taillights operated in a “steady” (always on) mode; the conspicuity
benefits of flashing lights were not tested but have been explored elsewhere (e.g.,
Edewaard et al. 2017). The steady modes used for the LED lights had a frequency of 170
Hz, which is well above the critical flicker frequency threshold of 70 Hz (below which
humans might perceive the lights to flicker). This project included only steady lights in
order to maintain experimental control and maximize the number of statistical
comparisons that could be made in the analysis of the data. It is unclear how the results of
each of these two studies would generalize to bicyclists who ride with flashing lights.
Certain taillight models include flash patterns that incorporate light flashes at luminous
intensities that exceed those that were tested in the present two experiments. Thus, it is
unclear whether the use of flashing taillights with more intense bursts would provide
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bicyclists riding on open roadways in daytime with a conspicuity advantage in
comparison with using steady taillights.
A limitation of Experiment 1 was the fact that the methods were unrealistically
static: participants sat in a parked car and repeatedly rated the conspicuity of a bicyclist
who pedaled in place. However, this method was implemented to ensure that participants
were responding to our test bicyclist and so that we could obtain their perceptions of how
recognizable the bicyclist was in each configuration. The survey that participants filled
out was a modified version of the survey used in a study conducted by Wood et al.
(2011), which was validated by Wood et al. (2014) using open-road methods. Further, a
within-subjects design was used such that each participant responded to each of the 16
configurations from both viewing distances, but to prevent an order effect, all
configurations were randomized; meaning that each group of participants viewed the 16
configurations at each of the two viewing distances in different orders.
It is important to keep in mind that that the three taillight configurations in
Experiment 1 differed both in their spatial placement (seat post vs. heels vs. warping
triangle) and in their number (1, 2, and 3, respectively). The manipulation was not
intended to determine the effects of dispersing the taillights alone. Rather, the goal of the
configuration manipulation was to determine the potential conspicuity benefits of adding
additional taillights to add biomotion information to the traditional seat post
configuration. Still, however, several of the configurations were matched in terms of the
total luminous intensities of the lights, and thus, three separate within-subjects t-tests
could compare the conspicuity ratings for these configurations. First, the mean
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conspicuity ratings for the Seat Post configuration at 2 Lumens were not significantly
different from those for the Heels at 1 Lumen, t(44) = 1.878, p>.05, d = .280. Also the
mean conspicuity ratings for the 10 lumen Seat Post configuration was not significantly
different from those for the 5 lumen Heels configuration, t(44) = -1.84, p>.05, d = .274.
However, the ratings for the 20 lumen Seat Post configuration were significantly different
from those for the 10 lumen Heels configuration, t(44) = 5.055, p<.001, d = .754. In other
words, when 10 lumen lights were mounted to the heels of each of the rider’s shoes, the
bicyclist was rated as being significantly more conspicuous than when a single 20 lumen
light was mounted to the seat post. Taken together, these findings indicate that mounting
lights of relatively high intensity (e.g., greater than 1 and 5 lumens) can provide a
conspicuity advantage over mounting a single light that is twice as intense to the seat post
during the daytime. This is evidence of a biomotion advantage even when total luminous
intensity is equated.
As in Experiment 1, the configurations that were tested in Experiment 2 varied
along both the number of lights and their spatial layout dimensions. The Seat Post
configuration incorporated a single 25 lumen light, the Heels configuration incorporated
two, and the Warping Triangle configuration incorporated three. This was done to
explore the potential benefits of adding a second and third taillight. Plus, in a practical
sense, riders who create these configurations themselves would most likely purchase
multiple lights and use the lights on their full luminous intensity settings in the various
placement locations of the configurations. Surprisingly, however, the Warping Triangle
configuration was not found to have a conspicuity advantage over the Seat Post
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configuration in Experiment 2. Further, the lights used in each configuration were on
their full luminous intensity steady modes, which were best case scenarios (as opposed to
equating the overall luminous intensity of each of the three configurations that
incorporated active lighting), and since the configurations with more lights did not yield
significantly greater distances than those with fewer lights, it would not have been worth
testing configurations with lights that summed to 25 lumens.
Another limitation in Experiment 2 was the fact that the bicyclist was not moving
forward; the bicyclist was pedaling on a stationary bicycle that was mounted to a trainer.
During the post-experiment debriefing, about half of the participants anecdotally
commented that they noticed that the bicyclist was not moving forward. Still in the study
conducted by Edewaard et al. (2020), in which the conspicuity of bicyclists wearing
fluorescent bicyclist apparel was assessed using similar methods. The fact that the
presence of fluorescent material on the legs strongly increased rider conspicuity suggests
that the participants judgments were influenced by the bike being mounted to a trainer.
Also, participants in Experiment 2 taking part in the experiment as passengers, not
drivers, was another limitation of the experiment. Passengers in vehicles do not have as
many attentional demands as drivers (e.g., controlling speed and direction,
monitoring/responding to other hazards, monitoring signage, etc.). Thus, by having the
participants be passengers, the participants responses to the test bicyclist may reflect
optimal responses. However, participants were told to scan the roadway as if they were
driving. Participants were also told to search for bicyclists in or near the roadway, but
participants did not know if or where they would encounter a bicyclist. Further, by using
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a between-subjects experimental design, each participant only encountered one test
bicyclist, which served to minimize their expectancy of encountering the bicyclist in a
particular location. During post-experiment debriefings, participants generally confirmed
that they did not expect to see a bicyclist in the location of the test bicyclist.
In order for the eye tracker to successfully record eye movement data from
participants, luminance-reducing full-field “sunglasses” made out of a 0.6 neutral density
(ND) filter were mounted to the frame of the eye tracking glasses to filter out 75% of the
light. Thus, the illumination of the environment, including the bicyclist and the taillights,
was degraded in the sense that the luminance of the visual environment was lower than it
otherwise would have appeared. Prior to implementing the “sunglass” in a pilot study, the
eye cameras could not register participants’ pupils, and therefore, the eye tracker could
not record eye movement data. The first prototype of the “sunglasses” consisted of a 0.3
ND filter, which reduced the ambient illumination for the observer by 50%. With the 0.3
ND filter the eye tracker could register the participants’ eyes for a portion of the
experimental trials, but with the 0.6 ND filter, the eye tracker successfully tracked
participants’ eyes for the entire duration of their experimental trials. The reduced ambient
illumination may provide an explanation for the similarity in the distances from which
participants made their First Glance, Final Glance Prior to Detection, and Detection
button presses for each of the four taillight configurations. In other words, it may be that
the “sunglasses” interfered with participants’ ability to see the bicyclist and/or the
taillights, and therefore, the bicyclist and the light configuration on display appeared
dimmer than if the “sunglasses” were not used. However, the results of Experiment 2
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align well with the results found in Edewaard et al. (2019), which used eye tracking
technology that did not require the use of ND filter “sunglasses.” Further, many drivers
wear sunglasses during the daytime, and thus, the results of Experiment 2 may reflect the
ways in which drivers who wear sunglasses might see bicyclists in daylight. Future
research could employ less obstructive methods to record eye movement data
corresponding to the ways in which drivers see bicyclists during the daytime.
With regard to the eye movement data, there is no way to be completely certain
that participants’ first glances on the bicyclist actually corresponded to the test bicyclist.
It may have been that participants were sampling their visual environments and happened
to make glances in the vicinity of space that was occupied by the test bicyclist off in the
distance as they were looking around. In other words, it is unclear how meaningful the
first glances were, especially since these first glances lasted less than one second and
since these initial glances were from a relatively far distance. The Pupil Labs eye tracker
that was used had a purported accuracy of 0.6 degrees of visual angle, and when the
bicyclist was first visible in each experimental session (from 787.1 m away), the test
bicyclist subtended only 0.12 degrees of visual angle. It was not until the participants
were 163 m away from the bicyclist subtended a visual angle that was the same as that of
the accuracy of the eye tracker (0.6 degrees). Thus, from far distances, a greater margin
of error exists in determining whether participants were actually looking at the test
bicyclist. However, in order to extrapolate data on participants’ eye movements towards
the bicyclist, the portions of the participants’ eye tracking videos during which
participants pressed their buttons in response to detecting and recognizing the test
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bicyclist were carefully scrutinized. In other words, it appeared that participants held their
gaze on the test bicyclist before pressing their buttons a few seconds after pressing the
button. As mentioned, templates for each of the participants’ videos were made by
marking where the bicyclist and participants’ fixation dot were on a clear plastic sheet at
the moment that participants pressed the button for Recognition, and the accuracy of the
template was verified by matching the template to the fixation dot and bicyclist at the
moment that the Detection button was pressed. The templates were then used throughout
the entirety of each participant’s video to determine whether participants were looking at
the test bicyclist.
The durations of the Final Glance Prior to Detection and Final Glance Prior to
Recognition were also extracted from the eye tracking data. On average, participants held
their glances on the bicyclist before their first button press (in response to seeing
something that might be a bicyclist) for 9.8 seconds (SD = 8.1 sec). In terms of the Final
Glance Prior to Recognition, participants on average held their glances on the bicyclist
before their second button press (in response to being confident that they were seeing a
bicyclist) for 10.5 seconds (SD = 11.0 sec). These two glances occurred before the first
and second button presses respectively. It seems likely that these two glance variables
indicate that participants were processing the continuously strengthening visual
information (due to the expanding visual angle) corresponding to the test bicyclist, as the
test vehicle approached. However, it is unlikely that the average durations recorded for
each of these two glance variables reflect the durations of glances that drivers would
typically make on bicyclists that they encounter on roadways during the daytime. Studies
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that examined drivers’ fixation durations on pedestrians and other roadway hazards found
that glance durations ranged from 200 ms (Jovoncevic-Misic & Hayhoe, 2009) to 6.12
sec (Wood et al., 2017) Further research is required to assess how long actual drivers
would gaze at bicyclists before detecting and recognizing them on daytime roadways and
how the cyclist’s conspicuity might affect these naturalistic gaze patterns.
Taken together, more research regarding the conspicuity benefits of bicycle
taillights is needed. First, the procedures used in Experiment 1 could be replicated at
night to assess the optimal luminous intensities for taillights in various placement
locations that are used by riders who cycle at night. Future research could also repeat
Experiment 2 (on open roads in daytime) but use lights with greater luminous intensities
and wider beam spreads, especially for highlighting a rider’s biological motion.
Numerous studies have found results that support the powerful effect of biomotion in
enhancing a pedestrian’s and bicyclist’s conspicuity (for a review of the pedestrian
conspicuity literature see Tyrrell, Wood, Owens, Whetsel Borzendowski, & Stafford
Sewall, 2016; Bicyclist Conspicuity Literature: Blomberg et al., 1986; Edewaard et al.,
2017; Edewaard et al., 2020; Edewaard et al., 2019; Koo & Huang, 2007; Stapleton &
Koo, 2017; Wood et al., 2012), and therefore, it seems clear that the lights used in
Experiment 2 had not been designed to emphasize the bicyclist’s pedaling movement.
Thus, another experiment that compares biomotion lights with greater luminous
intensities and wider beam spreads may uncover the optimal light specifications for
daytime biomotion lights. Further, a similar experiment could also be conducted to assess
how drivers make eye movements on cyclists who display taillights while riding on
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roadways with different geometries (e.g., road segments with greater horizontal or
vertical curvature that limited the sight distance) and vary amounts of traffic that can
occlude a driver’s view of a bicyclist ahead. A study such as this would examine the
conspicuity benefits of bicycle taillights during the daytime in contexts that are not “best
case scenarios” as those that were used in Experiment 2, which featured a long sight
distance and minimal traffic. Another daytime open-road study could assess the
conspicuity benefits of the combination of the taillight configurations, such as those in
Experiment 2, and fluorescent yellow apparel configurations, e.g., those used in
Edewaard et al. (2020). A study such as this would provide valuable insights on whether
the use of taillights may add to the conspicuity benefits produced by the use of
fluorescent yellow apparel in daytime. Further, using eye tracking technology would
yield insights into the differences in the distances from which participants detect and
recognize bicyclists who wear various configurations of fluorescent yellow apparel,
which has previously been found to significantly enhance the distance from which a
bicyclist is recognized (Edewaard et al., 2020).

CHAPTER SEVEN
CONCLUSION
This project included two experiments that separately assessed the daytime conspicuity
benefits of rear-facing bike lights. Experiment 1 featured a closed-road method in which
participants sat in a stationary test vehicle parked at two different viewing distances, and
repeatedly rated the conspicuity of a test bicyclist. The results indicated that, by
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increasing the luminous intensities of the lights and the number of lights that a bicyclist
displays, bicyclists can enhance their daytime conspicuity, especially when the lights are
used to highlight their pedaling movement. Experiment 2 encompassed an open-road
method in which participants wore an eye tracker as they were driven along a designated
route and were told to press a button when they detected a bicyclist and again when they
recognized a bicyclist. At a fixed position along the test route, participants encountered
the test bicyclist displaying one of four taillight configurations, and the distances at which
participants responded (via eye movements and button presses) were recorded. The
results indicated that using taillights while riding during the daytime can significantly
enhance a rider’s conspicuity when mounted to their seat post of the bicyclist with or
without the addition of lights mounted to the heels of their shoes. Findings also indicated
that participants made glances on the test bicyclist from significantly greater distances
than those from which they pressed their buttons in response to detecting and recognizing
the bicyclist. Further, participants detected the test bicyclist from significantly greater
distances than the distances from which they recognized the test bicyclist. Experiment 2
provides valuable insights into the temporal dynamics that drivers might undergo in the
process of becoming aware of bicyclists in or near roadways during the daytime. These
two experiments provide insights into the ways in which drivers perceive bicyclists who
use lights in various configurations while riding in daytime.
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